The NAD + -dependent deacetylases Sirt1 and Sirt2 mediate cellular stress responses and are highly expressed in vascular endothelial cells. In contrast to the well-documented protective actions of Sirt1, the role of endothelial Sirt2 remains unknown. Using cDNA microarray and PCR validation, we examined global gene expression changes in response to Sirt2 knock down in primary human umbilical vein endothelial cells under oxidative stress. We found that Sirt2 knock down changed expression of 340 genes, which are mainly involved in cellular processes including actin binding, cellular amino acid metabolic process, transmembrane receptor protein serine/threonine kinase signaling, ferrous iron transport, protein transport and localization, cell morphogenesis, and functions associated with endosome membrane and the trans-Golgi network. These genes and associated functions were largely non-overlapping with those altered by Sirt1 knock down. Moreover, we showed that pharmacological inhibition of Sirt2 attenuated oxidant-induced cell toxicity in endothelial cells. These suggest that Sirt2 is functionally important in endothelial cells under oxidative stress, and may have a primarily distinct role as compared to Sirt1. Our results may provide a basis for future studies aiming to dissect the specific signaling pathway(s) that mediates specific Sirt2 functions in endothelial cells.
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Introduction
Mammalian Sirt proteins (Sirt1 to Sirt7) are orthologues of the yeast SIR2 gene product, an NAD + -dependent class III histone deacetylase [1] [2] [3] [4] . All Sirt proteins contain a conserved NAD + -dependent catalytic core domain of ~275 amino acids [3, 4] . Among the seven Sirt proteins identified, Sirt1, 2, and 3 have the highest homology to yeast Sir2 and all exhibit specific protein deacetylase activity [5, 6] . In addition to their important roles in aging and metabolic regulation, different studies have suggested that Sirt is also involved in modulating cardiovascular physiology and disease [1, 7] . In the heart, for example, Sirt1 and Sirt3 have been implicated in promoting cardiomyocyte survival and preventing cardiac remodeling in response to different stress stimuli [8] . In blood vessels, activation of Sirt functions, especially those of Sirt1, is associated with multiple beneficial effects such as preventing vascular cell senescence, suppressing inflammation, decreasing cellular oxidative stress, and promoting vascular regeneration [1, 7] . Moreover, Sirt may also exert cardiovascular protective actions by improving global glucose and lipid metabolism [8] .
Endothelial cells have a pivotal role in maintaining the homeostasis of blood vessels. Endothelial dysfunction is recognized as a major cellular basis of the development of many cardiovascular diseases such as hypertension, atherosclerosis and heart failure [9] . Several lines of evidence have indicated that Sirt1 has an important role in modulating endothelial cell functions. In particular, Sirt1 physically interacts with and deacetylates endothelial nitric oxide synthase (eNOS), leading to enhanced eNOS activation [10] . Both in vitro and in vivo experiments revealed that activation of Sirt1 function led to increases in nitric oxide production and endothelium-dependent vasorelaxation, decreased inflammatory reactions in endothelial cells, and suppressed endothelial cell apoptosis and senescence [1, [11] [12] [13] [14] .
Several Sirt members have pivotal roles in modulating cellular stress responses [2, 6] . Under oxidative stress, Sirt1 exhibited broad cytoprotective effects in endothelial cells [7, [15] [16] [17] [18] [19] . The molecular mechanisms by which Sirt1 produces these cytoprotective actions are not totally understood, while current evidence indicates that activation of the FoxO family members by Sirt1 is likely to be a major signaling route [2, 6] . In contrast to Sirt1, the biological functions of Sirt2 in endothelial cells remain unknown [1] . Results from previous studies in non-endothelial cells indicate that the effects of Sirt2 on cell viability under stress are variable and appear to be cell type-and context-dependent [20] [21] [22] [23] [24] [25] [26] [27] . Currently, research efforts have been made in the development of selective Sirt2 inhibitors, which may be used as novel chemotherapy agents [28] . Hence, it is important to determine whether and how Sirt2 is involved in modulating endothelial cell homeostasis under stress conditions. Like Sirt1, Sirt2 expression is also responsive to oxidative stress [24] . Moreover, Sirt2 and Sirt1 share a number of common substrates, including FoxO1, FoxO3, nuclear factor (NF)-κB, histone H3 and p300 [4, 8, 24, [29] [30] [31] [32] . These results prompted us to hypothesize that Sirt2 may also have critical functions in endothelial cells under oxidative stress. Therefore, in the present study we aim to examine the importance of endothelial Sirt2 on a systematic biology basis, by characterizing global gene expression changes after Sirt2 knock down in primary human umbilical vein endothelial cells (HUVECs) using mRNA microarray, an approach that has been used to delineate Sirt1 functions at the whole genome level [33, 34] .
Results and Discussion
To induce oxidative stress in cultured endothelial cells, we treated the cells with H 2 O 2 at 300 µM for 6 h. Induction of a cellular stress response under this condition was demonstrated by the upregulation of detoxification enzymes glutathione peroxidase (GPx) and superoxide dismutases (SOD) as measured by qPCR ( Figure 1A ). We also confirmed that this treatment protocol did not induce obvious cytotoxic effects as assessed by a MTS cell viability assay ( Figure 1B) . A previous study demonstrated that Sirt2 expression was upregulated upon oxidant stimulation in adipocytes [24] . To clarify whether this is also the case in endothelial cells, we measured Sirt2 expression with qPCR in H 2 O 2 challenged cells. We found that as compared to untreated cells, H 2 O 2 increased Sirt2 expression by ~2 fold (data not shown). To demonstrate the intracellular localization of Sirt2 and in endothelial cells, we performed immunofluorescence staining. As shown in Figure 1C , the majority of Sirt2 showed a cytosolic localization, which was in contrast to Sirt1, which was mainly nuclear. To clarify the functions of Sirt2 in endothelial cells at the genome level, we performed microarray experiments comparing the global gene expression profiles between control and Sirt2i cells. The efficiency of siRNA-mediated gene knock down was confirmed by qPCR and Western blot ( Figure 2 ). We showed that under oxidative stress conditions, knock down of Sirt2 significantly changed the expression level of 340 genes, with 152 being upregulated and 188 downregulated ( Figure 3A and Table 1 ). GO analysis of the Sirt2-sensitive genes showed that these genes were mainly involved in cellular processes related to actin binding, cellular amino acid metabolic process, transmembrane receptor protein serine/threonine kinase signaling pathways, ferrous iron transport, protein transport and localization, cell morphogenesis involved in differentiation, and functions associated with endosome membrane and the trans-Golgi network. To confirm that the altered gene expression after Sirt2 knock down was not caused by non-specific off target effects, we run a parallel experiment by knocking down Sirt1 using the same protocol. Sirt1 gene knock down induced significant alterations of expression of 162 genes (87 upregulated and 75 downregulated) ( Figure 3B and Table 1 ). Among the upregulated genes with Sirt1i, only 31 (36%) overlapped with those changed in Sirt2i cells (20% of those changed in Sirt2i cells). Similarly, among the downregulated genes, only 4 (5%) overlapped with those changed in Sirt2i cells (2% of those changed in Sirt2i cells) ( Figure 3C ). GO analysis of the Sirt1-sensitive genes showed that these genes were mainly involved in cellular processes related to actin binding, ion binding, endoplasmic reticulum, cellular macromolecule biosynthetic process, cytoskeletal protein binding, and Golgi apparatus, of which the majority was distinct from those related to Sirt2. Further analysis of the differentially expressed genes in relation to disease processes with IPA software revealed that Sirt2-sensitive genes were enriched in categories including infectious disease, connective tissue disorders, developmental disorder, skeletal and muscular disorders, and cardiovascular disease. In comparison, Sirt1-sensitive genes were mainly enriched in categories including cardiovascular disease, inflammatory response, cancer, organismal injury and abnormalities, and connective tissue disorders. We also compared the two sets of cellular pathways significantly over-represented by Sirt1-or Sirt2-sensitive genes respectively, and found that the pathways affected by Sirt1 were primarily distinct from those affected by Sirt2 ( Figure 4A ). Moreover, IPA-Tox analysis revealed that Sirt1i and Sirt2i exhibited a discrete pattern of gene enrichment in categories of biological mechanisms that were related to toxicity responses ( Figure 4B ). To validate our microarray data of Sirt2 effects on global gene expression, we carried out qPCR assays on selected genes including CALD1, CASP7, CNN2, RRAGC, ULBP2. We showed that Sirt2i induced upregulation CALD1, CASP7, CNN2 and downregulation of RRAGC, ULBP2 ( Figure 5A ). These changes were in accordance with the trend as detected by microarray (see Table 1 ). In contrast, expressions of these genes were not altered in Sirt1i cells ( Figure 5B ). To further clarify whether Sirt2 was functionally important in endothelial cells under stress, we treated HUVEC cells with a higher concentration (600 μM) of H 2 O 2 for 2 h in the absence and presence of a selective Sirt2 inhibitor AGK2 (from Merck, Darmstadt, Germany) [35] . We found that pre-treatment with AGK2 (10 μM) attenuated H 2 O 2 -induced cell toxicity ( Figure 6A ), suggesting that under oxidative stress, activation of the Sirt2 pathway might have a detrimental effect on cell viability. In contrast, we showed that pre-treatment with the selective Sirt1 inhibitor EX-527 (10 μM) (from Merck) increased H 2 O 2 -induced cell toxicity ( Figure 6B ). In the present study, we explored the functional importance of Sirt2 in endothelial cells under oxidative stress by measuring global gene expression changes in cells in which Sirt2 was knocked down. We found that Sirt2 gene knock down significantly altered the expression profile of 340 genes, which were involved in different cellular processes (see Table 1 ). We also confirmed the microarray data with qPCR for selected genes. Gene clustering analysis suggests that Sirt2-sensitive genes in endothelial cells may be involved in regulation of protein transport and localization, cellular amino acid metabolic process, and functions associated with endosome membrane and the trans-Golgi network. These functional annotations are in agreement with findings from cellular function studies showing that Sirt2 may have a pivotal role in modulating cell autophagy, an intracellular mechanism responsible for clearance of damaged proteins and organelles involving activation and mobilization of the endogenous membranous system [36] . Interestingly, a recent study demonstrated that overexpression of Sirt2 inhibited lysosome-mediated autophagic turnover and increased the sensitivity of cells to proteasomal stress-induced cytotoxicity [37] . Conversely, accumulation of ubiquitinated proteins and cytotoxicity in stressed cells were attenuated by Sirt2 knock down. These results indicate that a complex interaction between Sirt2 and autophagic process may be present. In line with these findings, we observed that pharmacological inhibition of autophagy in endothelial cells augmented H 2 O 2 -induced cell death [38] . Moreover, we found that inhibition of Sirt2 decreased H 2 O 2 -induced endothelial cytotoxicity (see below). Taken together, we propose that regulation of cellular autophagic processes might be a mechanistic link between Sirt2 and oxidative stress-induced injury in endothelial cells. In addition to the above-mentioned pathways, results from our gene function clustering analysis indicate that Sirt2-regularted genes may also be involved in actin binding, transmembrane receptor protein serine/threonine kinase signaling pathways, ferrous iron transport, and cell morphogenesis involved in differentiation.
Similar to Sirt1, Sirt2 has strong deacetylase activity, and may affect gene expression by modulating functions of multiple transcription factors and co-activators such as FoxO, NF-κB, p300, and histone [4] [5] [6] 23, 24, [29] [30] [31] [32] . However, the present gene profiling study showed that the potential intracellular pathways regulated by Sirt2 in stressed endothelial cells were primarily different from those regulated by Sirt1. Consistently, Sirt1-and Sirt2-sensitive genes were involved in distinct categories of diseases, for example inflammatory response, cancer, and organismal injury for Sirt2, and infectious disease, developmental disorder, skeletal and muscular disorders for Sirt1. As observed in neural cells [39] , our data suggest that Sirt2 is likely to have a distinct functional role from Sirt1 in endothelial cells under stress conditions. Moreover, these data support that the observed gene expression changes in response to Sirt2 knock down are unlikely to be a result of non-specific off target effects of RNA interference.
The precise cellular functions of Sirt2 in endothelial cells remain largely unknown. A previous study has shown that Sirt2 may be implicated in mediating angiotensin II-induced endothelial cell migration via modulating α-tubulin acetylation and microtubule reorganization [40] . Consistent with this observation, we identified (and confirmed with qPCR) that Sirt2 knock down altered the expression of several genes involved in cytoskeletal organization, cell contraction and migration, such as CALD1 (caldesmon) and CNN2 (calponin) [41, 42] . Moreover, we demonstrated that Sirt2 also affected expression of genes involved in modulating cell viability. This is exemplified by CASP7 (caspase 7), which is a master regulator of cell apoptosis, and RRAGC (Ras-related GTP binding C), which is involved in activation of the mTOR pathway [43] .
To clarify the general role of Sirt2 in endothelial cells under oxidative stress, we challenged the cells with a high concentration of H 2 O 2 and demonstrated that pharmacological inhibition of Sirt2 activity attenuated H 2 O 2 -induced cytotoxicity. This result is consistent with previous experiments in neural and cardiac cells showing that activation of Sirt2 promotes cell death, whereas knock down or inhibition of Sirt2 enhances cellular stress-tolerance [25, 35] . Moreover, we confirmed that inhibitions of Sirt2 and Sirt1 had divergent effects on endothelial cell viability under H 2 O 2 -induced oxidative stress, an observation that was consistent with our microarray data revealing that there was only a small intersection between Sirt2-and Sirt1-sensitive genes in H 2 O 2 -challenged endothelial cells. Our experiments supported previous findings that Sirt1 exhibited profound cytoprotective effects in vascular endothelial cells in response to oxidative stress [7, 15, 16] . 
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Experimental Section
Cell Culture
HUVECs were purchased from the American Type Culture Collection and maintained in ECM (from ScienCell Research Labortories, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum, 1% ECG (endothelial cell growth supplement, ScienCell), and antibiotics (penicillin 100 U/mL , streptomycin 100 μg/mL). Cells were cultured at 37 °C with 5% CO 2 . Confluent cells were subcultured with 0.25% trypsin-EDTA, and cells of passage 3 to 5 were used for experimentation. Cell viability was assessed with the tetrazolium-based (MTS) assay using CellTiter 96 Aqueous kit (from Promega, Madison, WI, USA) according to the manufacturer's direction.
RNA Interference
Small interfering RNA (siRNA) molecules targeting Sirt1 and Sirt2 were synthesized by GenePharma (Shanghai, China). For each target, 3 different siRNA sequences were tested with quantitative polymerase chain reaction (qPCR), and the one with highest efficacy was selected for following experiments. For siRNA transfection, cells were subcultured 24 h before treatment. Cells were incubated with siRNA (final concentration 30 nM) mixed with Lipofectamin RNAiMAX Reagent (Life Technologies, Carlsbad, CA, USA) for 6 h in antibiotic-free medium, and then changed to normal medium for additional 18 h.
Microarray Experiments and Data Processing
Cells were transfected with a control siRNA, Sirt2-specific siRNA (Sirt2i) or Sirt1-specific siRNA (Sirt1i). Three biological replicates were included for each group (hence a total of 9 arrays were analyzed). To induce oxidative stress, all transfected cells were treated with H 2 O 2 at 300 µM for 6 h. Total RNA was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol. RNA quality was tested with Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) and further purified with RNeasy Micro kit (Qiagen, Hilden, Germany). Microarray analysis was performed using Affymetrix Human Genome U219 Array, using standard labeling, hybridization and scanning protocols (ShanghaiBio Corporation, China). The raw data were processed and analyzed with GeneSpring GX software. Genes with a fold change of >1.5 and with a p value of <0.05 as compared to control were selected as differentially expressed genes. Gene Ontology (GO) functional annotation of the differentially regulated genes was carried out using DAVID Bioinformatics Resources 6.7 [44] . Further gene function clustering analysis was performed with IPA software (Ingenuity Systems, Redwood City, CA, USA).
Real-Time qPCR
Total RNA (500 ng) was reverse transcribed to cDNA using Prime Script RT reagent Kit (TaKaRa Biotechnology, Dalian, China). Real-time qPCR was performed with TaqMan gene expression assays primer-probe sets (Applied Biosystems, Carlsbad, CA, USA) or using a Sybr green-based master mix kit (SsoFast EvaGreen from Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. GAPDH or 18S was used as the housekeeping gene.
Fluorescent Immunocytochemistry
Cells grown on Lab-Tek II chamber slides (Nunc, Roskilde, Denmark) were fixed with cold methanol for 30 min, washed in PBS and blocked with 5% bovine serum albumin. Cells were incubated overnight with polyclonal anti-Sirt1 (1:200) (from Abcam, Cambridge, UK) or anti-Sirt2 (1:100) (from Millipore, Billerica, MA, USA). Immunofluorescent labeling was performed with DyLight594-conjugated donkey anti-rabbit IgG (1:400) (Jackson ImmunoResearch, West Grove, PA, USA). Cell nuclei were counter stained with DAPI. Images were captured using a Zeiss laser scanning confocal microscope (Zeiss LSM710, Oberkochen, Germany). Negative control experiments were performed using corresponding non-immune IgGs.
Western Blot
Total protein was resolved by 10% SDS-PAGE and transferred to nitrocellulose membranes. The membrane was blocked with 5% non-fat milk at room temperature for 1 h and then incubated with primary antibodies at 4 °C overnight. The blots were developed with ECL Prime reagents from GE Life Sciences (Piscataway, NJ, USA).
Data and Statistics
Microarray data were tested with Benjamini and Hochberg False Discovery Rate multiple testing correction. Other data were presented as mean ± SEM and tested with unpaired Student's t-test or one-way ANOVA as appropriate, with a value of p < 0.05 being regarded as statistically significant. SPSS18.0 was used for statistical analysis.
Conclusions
In conclusion, to our knowledge this is the first genome-wide characterization of the gene expression profile in response to Sirt2 knockdown in endothelial cells. Sirt2-sensitive genes are involved in multiple cellular functions. Pharmacological inhibition of Sirt2 attenuated oxidant-induced endothelial cell death. These data suggest that Sirt2 is functionally important in endothelial cells under oxidative stress. Our results may provide a basis for future studies aiming to dissect the specific signaling pathway(s) that mediates specific Sirt2 functions in endothelial cells. Nevertheless, a limitation of the present study was that the microarray data did not provide direct evidence about the specific gene products that were involved in mediating the observed effects of Sirt2. Given the number of genes that are responsive to the changed Sirt2 level, it is likely that multiple mechanisms may be implicated in each specific biological function of Sirt2.
